lands, were once again to experience a glaciation, and become covered by ice, the present permeability characteristics might change (Fig. 1) .
Clay has a very high water-bearing capacity and is very compressible. Mechanical loading by an ice cap could force water that might be contaminated by radio-nuclides out of the clay (compaction-driven outflow). As a result, migration of radio-nuclides to the shallow groundwater system could be accelerated.
In addition to mechanical loading, melt water from under the ice cap might infiltrate into the clay, causing an increase in water pressure and water-pressure gradient, as shown by research carried out at the University of Edinburgh, the Geological Survey of the Netherlands -RGD and the National Institute for Public Health and the Environment -RIVM (Boulton & Curle, 1997) . The mechanical and hydraulic pressures generated by the ice cover are correlated. Depending on the three-dimensional architecture of the subsurface, the increase in pressure results in outflow of compaction water derived from the clay and/or in water derived from the ice cap percolating the host rock.
A complicating factor is the presence of permafrost. Most of the soils in front of the ice cap and also partly underneath it will be permanently frozen, isolating the shallow groundwater system from the biosphere. In permafrost soil, water cannot flow; this increases the length of the migration path to the biosphere of any radio-nuclides present in the outflow water. The presence of permafrost, however, also reduces the domain of shallow groundwater flow and therefore causes the flow rate in the shallow aquifer system to increase. Hydro-mechanical computer simulations of this coupled system were performed in order to quantify its effects on the migration of radionuclides.
Approach
A hydro-mechanical numerical model based on the finite-element package DIANA (2000) was used to simulate the effect of ice loading on the mechanical behaviour of the subsurface and the flow of groundwater. Compression and consolidation of the clays as a result of the weight of the ice and the groundwater flow driven by hydraulic gradients are simulated as fully coupled processes in DIANA. The required boundary conditions have been derived from a largescale flow model AQ-FEM (i.e., a supra-regional model), which was used previously to simulate the impact of an ice cap on the groundwater system (Fig.  2) .
The model is described in detail in a number of publications (Van Weert et al., 1997; Boulton & Curle, 1997) . The hydro-mechanical calculations were done in two phases: The initial, fairly simple, model was used to evaluate a large number of potential situations. The information acquired from these initial calculations was then used to build a more detailed hydro-mechanical model. The resulting flow rates were subsequently used to model radionuclide transport using METROPOL-4 (Sauter et al., 1993) .
In order to quantify the effects of ice loading on deeper clay deposits in the subsurface of the Netherlands, all soil-mechanical parameters have to be known. Input data for this modelling exercise were partly derived from the detailed site-characterisation studies that were performed in the Belgian Underground Research Laboratory located in the Boom Clay at Mol. Additional mechanical laboratory experiments were carried out to enable extrapolation of the Belgian data to the Boom Clay (Rupel Clay Member) in the Netherlands at depths of 500 m or more. These experiments focused on consolidation characteristics, permeability, strength and deformability of the clay. The material used for the experiments came mainly from the Rupel Clay Member, which occurs at various depths in Belgium and the Netherlands.
Mechanical experiments
Mechanical experiments were performed to characterise the mechanical properties of Tertiary clay, and of the Rupel Clay Member in particular. The experiments yielded information on the consolidation rate of clay as a function of the applied stress.Two types of mechanical loading experiments were performed: the uniaxial consolidation test (oedometer test) and the triaxial cell test.
The triaxial cell test involves encasing a soil sample in an impervious membrane, confining it to a desired initial state of stress and subsequently applying an increasing axial stress until the material fails. This type of test can be used to predict the parameters cohesion, friction angle and shear modulus. The oedometer test is a type of one-dimensional consolidation test, used for determining the compaction and swelling characteristics of the soil sample, including its vertical permeability.
Soil samples from six different depths from four locations in Belgium as well as from one location in the Netherlands were used. The experiments intended to study the effects of ice loading focused on analysing the material from the greatest depth, in one core taken in the Netherlands and one in Belgium. All but one of the samples concern the Rupel Clay Member. The sample from the greatest depth, cored at a depth of approximately 562 metres, belongs to the Asse Member, immediately underlying the Rupel Clay Member. All clay samples comprise a mixture of the minerals smectite, illite and kaolinite.The clay sample from the Asse Member contains approximately 50% smectite; the smectite content of the Rupel Clay Member samples ranges from 30% to 50%.
The stresses applied in the mechanical experiments were correlated with the depths from where the samples were taken and the additional maximum loading that a potential future glacial cover might cause ( Table 1 ). The apparatus available for the triaxial tests did not permit confining stresses over 10 MPa.
Triaxial cell tests
Most triaxial cell tests exhibit normally consolidated behaviour for the clay material. This is as expected for the experiments using samples from the Blija core and case 5 of the Weelde core, but in all other experiments the applied stress is lower than the pre-consolidation stress. This unexpected normally consolidated behaviour is attributed to disturbance of the original condition of the samples. During the long period be- tween extraction from the sampling tubes and the actual experiments, the clay samples probably experienced some swelling. The results of the triaxial cell test suggest an increase in cohesion and shear modulus with depth and suggest a decrease in friction angle with depth (see also Fig. 3 ).
The depth relationship suggests that the clay would behave more plastically with depth. This is corroborated by the results of mechanical test on the London Clay (Bishop et al., 1965) . We have too few observations, however, to prove this relationship. Also, not all samples came from the same geological unit. The mechanical characteristics of clay from a certain depth are variable, which is shown by the analyses for the depth intervals from 313 to 314 metres in the Weelde core. The variation in characteristics is very comparable with previously published results on experiments on the Rupel Clay Member in Belgium.
In view of the variation in results for the Weelde core, the number of experiments on material from the Dutch core is too small to formulate absolute conclusions on the parameter values to be used. Extremely high plastic behaviour was observed in the clay samples from the Asse Member. This will need to be verified by follow-up studies.
Generic strength parameters for the Rupel Clay Member can, however, be determined by plotting all shear-strength values against the average effective stress at failure in a so-called p'-q diagram (Fig. 4) , yielding a Mohr-Coulomb failure envelope. Fig. 4 also includes data obtained for samples from the Pleistocene Eem Clay in Amsterdam. The failure envelope found this way is comparable to that found for the Tertiary London Clay (Bishop et al. 1965) . In both clays a decrease in friction angle with increasing effective stress was also observed: from an initial value of 30°at low stresses to approximately 10°at an effec- tive stress of 6 MPa. The behaviour we observed may therefore be generally applicable to Tertiary clays. This will have to be confirmed by follow-up studies.
Oedometer tests
The oedometer tests show good reproducibility of the results of the individual Weelde and Blija material (Fig. 5) . The loading and decompression sections in the curves of the Belgian samples compare well. In case of the Dutch samples, higher compressive stresses are required to achieve the same amount of compaction.
Closer scrutiny of the stress curves enables a subdivision into three phases: -an initial phase up to approximately 1.5 MPa, -a second phase up to approximately 6-7 MPa for Weelde and 7-8 MPa for Blija and -a third phase all the way to maximum applied stress.
The vertical stress at the end of the second loading phase has been interpreted as corresponding to the actual pre-consolidation stress. The value of 6 to 7 MPa for Weelde agrees well with the prognosis made on the basis of observations in shallow clay deposits underneath the Westerschelde (p'c = 350 + 20*z (kPa); z = depth in metres). The related over-consolidation ratio (ratio of pre-consolidation stress and insitu stress) is 1.9 to 2.2. The steep gradient in phase 2 is attributed to disturbance of the sampling material (for an explanation see the Weelde triaxial cell tests described above).This is corroborated by the fact that the loading curves for Weelde are virtually identical to the Intrinsic Compression Line (ICL), which is the virgin loading curve for completely reworked clay (Burland, 1990) .
The over-consolidation ratio for the Blija samples is between 1.3 and 1.8. This is less than predicted on the basis of observations in the shallow domain. The loading curves for Blija approach the Sedimentary Compression Line (SCL). This means that the clay samples behave similarly to clay compacting under natural geological conditions.
The observed over-consolidation of Tertiary clays that are millions of years old are attributed to diagenesis and creep processes (aging) as well as to the fact that in the geological past, the clay was subjected to a higher loading than it is at present. It is very difficult to distinguish between the effects of aging and of overloading.
Fig . 5 shows the pre-consolidation stresses and the effective stress caused by a thousand-meter-thick ice cover. Such an extreme load would result in further consolidation of the clay. The actual effective stress caused by the ice could be less because of the presence of melt water underneath the ice cap. The melt water would increase the water pressure and therefore decrease the effective stress. The oedometer tests yielded input parameters for the Cam-Clay material model, i.e., the compression index λ and the swelling index κ ( Table 2) .
The permeability values (K) for the Rupel Clay Member underneath the Westerschelde were extrapolated to greater depths and yielded values ranging Netherlands Journal of Geosciences / Geologie en Mijnbouw 82 (1) Vertical pressure [MPa] Void ratio (e) -13 m/s to 7.6 x 10 -14 m/s, which falls within the range extrapolated from the Westerschelde data. The void ratios (e) derived from the Weelde and Blija experiments exceed the prognosis made on the basis of the Westerschelde observations. Obviously, the relationship between void ratio (e) and permeability value (K) cannot be merely extrapolated from shallow data to greater depths.
Hydro-mechanical modelling
The hydro-mechanical modelling study of the impact of ice loading on Tertiary clay, described in detail in Orlic & Wildenborg (2001) , was done in two phases. During the first phase, a relatively simple model was used for a preliminary study into the impact of ice loading on clay. The knowledge thus acquired was used to develop a more detailed model for the second phase, taking into account the newly available laboratory results.
The relatively simple calculations assumed a 2D spatial model, representing a typical cross-section of the subsurface of the Netherlands with a length of 10 km and extending to 1200 metres deep. In order to perform the calculations, a number of boundary conditions had to be established (see Fig. 6 ). More than ten scenarios were defined to test the responses of the model to variations in input parameters and boundary conditions (Table 3) .
In all scenarios, the maximum thickness of the ice cap was thousand metres. The length of time that the ice moves across the model area ranges from 50 years to 3000 years and the total duration of the ice loading ranges from 600 to 6000 years.
The Mohr-Coulomb material model (ideal elasticperfectly plastic model) was used to simulate the hydro-mechanical behaviour of the Tertiary deposits. The parameters for the Mohr-Coulomb model were obtained by compilation of data available in existing reports (Wildenborg et al., 2000) .
For the second phase -the more detailed simula-
24
Netherlands Journal of Geosciences / Geologie en Mijnbouw 82(1) 2003 tions -the length of the geometric model was increased from 10 km to 70 km (Fig. 7) . This length corresponds better to the dimensions of a potential ice cap and the hydraulic boundary conditions associated with such an ice cap. The spatial model includes a 10-metre-wide fault zone. The geo-hydrological boundary conditions are largely identical to the boundary conditions used for the first phase of calculations.
Four characteristic scenarios were calculated (Table 4 ). In the first three scenarios different constitutive models were used for the clay: a purely elastic Fig. 7 . Hydro-mechanical finite-element model used for simulations.The repository is assumed to be located in the middle of element 1177. Table 4 . Range of constitutive models and parameters for the Rupel Clay and the clay of the Asse Member used in the ice-loading scenarios calculated in the second phase of simulations.
Parameter Value
Hydraulic gradient (-) (for lateral inflow boundary) i = 8x10 In these scenarios the ice cap moves across the entire modelled area in 350 years and the total modelled period of loading lasts 20,000 years. In the fourth scenario the parameters for the clay were the same as in the third case. Cyclic loading of the model by the ice was applied here, with two loading and two unloading cycles. In all scenarios the Mohr-Coulomb material model was used for other geological deposits, except for the clay. The values used for the friction angle were considerably lower than in the first simulation phase. The same applies to the permeability values. The simulated flow rate was used as input for the calculations of the radionuclide transport.
Simple simulation using the Mohr-Coulomb material model
In case of a fast to moderately fast advancing ice sheet, the flow pattern in the clay is governed mainly by consolidation of the clay. Groundwater flows out of the clay body, both at the top and the bottom. The vertical outflow rate of water from the Rupel Clay Member and the Asse Member clay increases to 2 cm per year for a permeability of 1x10 -10 m/s (Fig. 8) . However, if the ice sheet advances more slowly, the effects of consolidation-driven flow in the clay are less pronounced and upward flow in the clay will prevail.
The impact of regional upward flow through the clay during ice loading is more noticeable at higher permeability values of the clays (K = 1x10 -9 m/s). Higher clay permeability, moreover, causes a higher maximum flux and more rapid dissipation of the overpressures in the clay. The clay undergoes elastic deformation while the ice sheet moves across the model area. If the ice front advances faster, the clay does undergo plastic deformation.
More detailed simulation using the Mohr-Coulomb and the Cam-Clay material models
In clay that is not loaded by an ice sheet, the typical flow rate of groundwater ranges between 10 -6 to 4x10 -7 metres per year. In the model used for glacial conditions, without an ice cover, drainage occurs through a permeable fault zone in the deeper Mesozoic aquifer, resulting in a decrease in pore pressure in the aquifer. The water in the Mesozoic aquifer flows towards the fault from both sides. Upon reaching the fault, the water starts to flow upward through the fault zone until it reaches the shallow aquifer. There, the flow is no longer confined and the water spreads into the shallow aquifer, away from the fault. The pressure caused by ice loading is transmitted to the underlying sediment with a time delay. By the time the ice has covered the entire model area, after three hundred and fifty years, approximately half the stress caused by the ice will have been transmitted to the sediment. Most of the stress caused by ice loading is then still absorbed by pore water.
Depending on the assumed permeability of the clay and the material model used, the delay is several hundreds of years to over twenty thousand years. By the end of the simulation, the effective stress will have increased by the maximum load exerted by the ice cap and the pore-water pressure will have returned to the initial values.
Evolution of the stress and the pore-water flow rate in the Rupel Clay Member and the clay of the Asse Member during glaciation are shown in Figs 9, 10 & 11 for three calculated scenarios. A change in slope of the effective stress paths shown in Figs 9a to 11a marks the transition from elastic to plastic deformation of the clay.
The most complex shape of the stress path can be observed in the case of cyclic loading and unloading by the ice, when a hysteresis in the stress path occurs due to unloading (Fig. 11a) . Regardless of the material model used, the clay will, after initial elastic deformation, show plastic behaviour as a result of the ice loading. In particular, a low value for the friction angle φ will enhance plastic behaviour.
As a result of the ice loading, the Rupel Clay Member and the Asse Member clay consolidate, which causes vertical fluid flow within the clay (Figs 9b to  11b) . The maximum outflow rate is similar in all the scenarios considered. ue of 3x10 -12 m/s the maximum outflow rate will increase to 1 mm per year at most. This is, approximately, three orders of magnitude higher than the flow rate in clay prior to ice loading of the model area.
The time needed for the clay to consolidate is very sensitive to its permeability and the assumed loading conditions. The use of the Modified Cam-Clay model for the clay in conditions of cyclic loading extends the duration of consolidation-driven flow. The flow rate exhibits a complex pattern, which generally follows the pattern of stress evolution (Fig. 11) . During unloading, the clay swells, i.e., dilates. Swelling is accompanied by the suction-driven inflow of the pore water into the clay. This generally improves the isolation capacity of the clay, as the pore water flows inwards, towards the repository.
The flow rates in the aquifers will increase by approximately one order of magnitude compared to the situation before the ice loading. The increase in flow rates will more or less keep pace with the increase in stress caused by the ice loading. Once the maximum ice loading has been reached, the flow rate in the aquifer will decrease again rapidly.
Transport modelling
The impact of ice loading on radionuclide transport was evaluated by comparing it with radionuclide transport under the present-day conditions -i.e., the reference scenario. The results of the transport calculations, therefore, have only a relative significance. The METROPOL program was used to simulate transport of 17 radio-nuclides for a period of 1 million years (Sauter et al., 1993) . The radionuclide source, the composition of which was taken from the METRO safety study (Grupa & Houkema, 2000) , has been extrapolated for the Rupel Clay Member at a depth of 545 m. Eight decay chains, four of them comprising four members and five only one member, have been considered. It is assumed that radio-nuclides are released instantaneously, without delay, at the start of the simulation. Radionuclide transport occurs by the processes of diffusion, advection, dispersion and sorption of radio-nuclides to the clay (involving the retardation factor R). The natural rates of decay of radioactive materials have been taken into account.
A 10-km-long cross-section, which is part of the large-scale spatial model, was used for the transport calculations: This cross-section was subsequently extended into the third dimension, yielding a semithree-dimensional model. The flow-rate range was calculated using the more detailed hydro-mechanical model, assuming a clay permeability of 3 x 10 -12 m/s.
Three representative velocity domains were generated; the present-day situation, and two glaciation situations, one with and one without an ice cover. In modelling the radionuclide migration the three above models were used to calculate three different scenarios: 1. The present-day situation continuing for a further 1 x 10 6 years. This reference scenario and the present-day boundary conditions were used to calculate the relative mass fractions in scenarios 2 and 3, below. 2. Glacial conditions, i.e., a permafrost situation for a period of 1 x 10 6 years. This scenario and the associated glacial boundary conditions without an ice cover were used to evaluate the more realistic scenario 3, below. 3. Cyclic alternation of the present-day situation, lasting 6 x 10 4 years, a permafrost situation lasting 2 x 10 4 years and a glacial situation including an ice cover lasting 2 x 10 4 years. This sequence was repeated ten times covering a total duration of 1 x 10 6 years. Under the influence of ice loading, fluid transport within the clay is also mainly diffusive. The orders of magnitude of the flow rates for the present-day situation and for the glacial situations with and without ice cover are respectively 10 -7 , 2.5 x 10 -7 and 1.7 x 10 -5 m per year. These contribute for 0.08%, 0.2% and 14%, respectively to the total transport. These values apply if we assume a longitudinal dispersivity of 50 m.
In the aquifers above and below the clay, transport is strongly affected by flow, resulting in much faster migration of radio-nuclides. The reinforcing effect of the fault on radionuclide migration is clearly reflected in the pattern of the contour lines near the fault (Fig.  12) . The effects of alternating climate conditions and in particular glacial conditions on the radionuclide mass fractions are shown in Fig. 13 .
The glacial scenario without an ice cover results in lower mass fractions than the reference scenario. As a result of the higher flow rate in the overlying aquifer, the radio nuclides are rapidly diluted. Ice loading results in higher radionuclide mass fractions at the boundary between the clay and the overlying aquifer. Depending on which nuclide is considered, the mass fraction may be as much as two to nine times higher than in the reference scenario.
Conclusions
The presence of an advancing ice cap results in an increase in pore pressure in the deeper aquifers underneath that ice cap and in front of it. This may result in accelerated upward water flow through clay deposits Sn-126 U-238 Fig. 13 . Mass fractions of two radioisotopes at the boundary between the clay and the overlying aquifer in comparison to the present-day situation, i.e. the reference scenario; solid line = relative mass fraction for the scenario assuming cyclic changes; dashed line = relative mass fraction for the scenario assuming permafrost without an ice cover. that have permeabilities equal to or exceeding 1 x 10 -10 m/s. In a deeper clay section underneath an ice cap, water is expelled to both overlying and underlying water-bearing layers. Rates and durations of the consolidation-driven outflow are very sensitive to the permeability of the clay and the dynamics of loading by the ice. The consolidation of the Rupel Clay Member and the Asse Member clay may continue during the entire period of ice loading. The maximum outflow rate is 1 mm per year, which is approximately three orders of magnitude higher than the flow rate within the clay before ice loading.
The preliminary calculations indicate that the cyclic ice loading may result in accelerated radionuclide migration in clay. The contribution of dispersive transport to the total diffusion coefficient in clay amount to 0.08% under present-day conditions, 0.2% under glacial conditions without an ice cover, and 14% under glacial conditions with an ice cover. These values apply assuming that the longitudinal dispersivity is 50 m. In these percentages, sorption of radio-nuclides by clay is not taken into account. Cyclic ice loading with loading periods of 20,000 years over a total period of 100,000 years causes an increase in mass fractions of radio-nuclides at the boundaries of the clay barrier and the overlying aquifer. Depending on the particular radionuclide, this increase corresponds to a maximum of two to nine times the mass fraction in the reference scenario, i.e., continuation of the present-day climate. Such an increase is expected to be within the reliability interval of the estimated diffusive-transport rate. The calculations yielding the above values did take into account radionuclide sorption by clay.
At the time of the hydro-mechanical modelling most of the results from the experimental programme were not yet available. The lower experimental value for the effective pre-consolidation stress p'c and the higher experimental value for the compression index λ will eventually result in a slightly higher Darcy flux than found in the most realistic scenario presented here. The value used for the friction angle is higher than the values found in the experiments. In CamClay models, a higher φ value is used to compensate for the cohesion parameter, since this parameter is not included in Cam-Clay models.
